␤-catenin ͉ Lef1 ͉ Wnt10b ͉ fungiform papilla
W
nt and Hedgehog (Hh) signaling molecules are indispensable for normal development of diverse epithelial tissues such as the gastrointestinal tract, hair follicles and teeth (for review, see refs. 1-3). Ectopic activation or elevated expression of these signaling molecules leads to tumorigenesis, whereas their inhibition causes developmental abnormalities in a variety of tissues (4, 5) . Although both signaling pathways have been implicated often where epithelial-mesenchymal interactions take place (6, 7) , demonstrations that these signaling pathways might interact or regulate each other are limited.
Taste tissue development in mice starts around embryonic day (E) 11.5, after the emergence of the tongue swelling on the floor of developing mandible (8, 9) . This is followed by formation of the taste placode (E12.5), gustatory papillae (E13.5), and taste buds (around birth) (9) . As with development of other epithelial tissues, formation and patterning of taste papillae are thought to be induced by epithelial-mesenchymal interactions (10) . Expression of Shh, Bmp, Noggin, Fgf, and EGF is associated with taste papilla initiation and patterning, indicating the potential role of these factors in taste papilla development (11) (12) (13) (14) . Disruption of Shh signaling during the prenatal period by neutralizing antibody or by cyclopamine caused aberrant development and patterns of fungiform papillae (15, 16) . Although Wnt signaling pathways are critical in the development of many epithelial tissues, they had not been examined in the developing taste system, nor had their interaction with Shh been previously examined in the developing taste papillae.
Results

Expression of Wnt/␤-Catenin Signaling Components in Developing
Taste Organ. To determine whether Wnt signaling is associated with taste papilla formation in mice, we monitored Wnt/␤-catenin signaling activity and expression of Wnt signaling molecules and Wnt-activated transcriptional factors in developing taste tissue. We first examined Wnt/␤-catenin signaling in TOPGAL mice that carry a ␤-galactosidase (␤-gal) reporter gene under the control of an inducible promoter that responds to the complex of ␤-catenin with Tcf/Lef1 transcription factors (17) . At E11.5, the developing tongue presents as paired lateral swellings with no obvious Wnt/␤-catenin signaling apparent, as shown by an examination of ␤-gal activity in TOPGAL mice ( Fig.  1 A and F) . ␤-gal activity in TOPGAL mice could first be seen in the developing dorsal tongue at E12.5, the developmental stage when placode formation is initiated (Fig. 1 B and G) . This ␤-gal activity was present in multiple sets of rows and was strongest in the row closest to the median sulcus (Fig. 1B) . ␤-gal activity in the fungiform papillae is most intense at E14.5 then declines in overall intensity ( Fig. 1 C-E and H-J) to become highly restricted to a small region of epithelium where taste buds develop (Fig. 1J Inset) . At later stages, ␤-gal activity appeared in developing filiform papillae (Fig. 1 D, E, I , and J) and in the circumvallate (CV) papilla (noted by arrow heads in Fig. 1 
C-E Insets).
We next used in situ hybridization to monitor expression of Wnt-regulated transcription factors between E12.5 and E14.5, the critical time for formation of the placode and subsequently fungiform papillae. Of the four Wnt-activated transcription factors (Tcf1, Tcf3, Tcf4, and Lef1) examined during these critical stages, only Lef1 showed an expression pattern similar to that of the Wnt/␤-catenin signaling detected by ␤-gal activity in TOPGAL mice [compare Lef1 ( Fig. 1 L and M) with ␤-gal ( Fig. 1 G and H) ]. Like ␤-gal, Lef1 showed high expression in the developing dorsal tongue at E12.5 [compare Lef1 (Fig. 1L ) with ␤-gal (Fig. 1G) ]. Lef1 expression in the fungiform papillae remained high from E12.5 to E14.5 ( Fig. 1 L and M) , whereas Lef1 expression in filiform papillae started at E16.5 (Fig. 1N) .
To confirm that ␤-gal expression in the dorsal tongue of TOPGAL mice faithfully reflected endogenous activation of Wnt/␤-catenin signaling, tongues were sectioned and double immunostained with antibodies directed against ␤-gal and ␤-catenin ( Fig. 1 U-W) or with antibodies against Lef1 and ␤-gal ( Fig. 1 X-Z) . Expression of Lef1 and stabilization of ␤-catenin in the E12.5 tongue was found to be coincident with expression of ␤-gal, independently identifying sites of Wnt/␤-catenin signaling. Thus, the spatial-temporal pattern of Wnt/␤-catenin signaling in the placode suggests that it may play a role in taste papilla development.
To find the endogenous ligand(s) that activate(s) Wnt/␤-catenin signaling, we used in situ hybridization to monitor the expression of 15 Wnts (Wnt1, 2b, 3, 3a, 4, 5a, 5b, 6, 7a, 7b, 9a, 10a, 10b, 11, and 16) during the critical stages from E12.5 through E14.5 and found that only Wnt10b ( Fig. 1 Q and R) showed an expression pattern similar to that of the Wnt/␤-catenin signaling detected by ␤-gal activity in TOPGAL mice (see Fig. 1 B and C) . Expression of Wnt10b in fungiform papillae generally paralleled that of ␤-gal, although we noted the following differences. First, after E16.5, expression of Wnt10b mRNA disappeared completely from fungiforma papillae, whereas expression of ␤-gal protein remained (compare Fig. 1 R-T with Fig.   Fig. 1 . Wnt/␤-catenin signaling elements are expressed in the developing tongue. Expression in the developing tongue of ␤-galactosidase (␤-gal) (A-J, V, and Y), Lef1 (K-O and X), Wnt10b (P-T), and ␤-catenin (U) was detected by X-Gal staining in TOPGAL mice (A-E), by in situ hybridization (K-T), or by immunofluorescence (U-Z) in wild-type mice during developmental stages E11.5-E18.5. At E11.5, ␤-gal activity is absent from the lateral swelling (within dotted line in A and the white arrow in F). ␤-gal activity first appears in the placode of the dorsal tongue at E12.5 (B and G, arrows). Arrowheads in B and Insets in C-E indicate CV papillae. ␤-gal activity is absent from CV papillae until E14.5 (C). Lef1 expression is detected at E11.5 in both the mesenchyme and epithelium of the tongue (K), then increases in the fungiform papilla placode at E12.5 (L). At later stages, Lef1 expression continues in the fungiform papillae but at E16.5, and thereafter Lef1 also is highly expressed in the developing filiform papillae (N and O), whereas its expression still remains in fungiform papillae at later stages (O Inset) in accordance with ␤-gal expression (compare with J Inset). Wnt10b expression is first seen at E11.5-E12.5 in the developing CV papillae (P and Q, arrowheads), then at E12.5 in the developing placode (Q), and continues to be expressed through E14.5 (R), but its expression declines by E16.5 (S). Fluorescent micrographs of E12.5 tongue placode sections from TOPGAL mice show that ␤-gal expression (V and Y) associates with ␤-catenin (U) and Lef1 (X). W and Z are merged images of U and V and X and Y, respectively. Asterisks in F, K, and P indicate the border between the mandible and developing tongue. 1 H-J). Second, unlike ␤-gal, Wnt10b was not expressed in filiform papillae, indicating that Wnt10b has a temporal function in the development of fungiform but not filiform papillae.
Expression of Shh Parallels That of Wnt/␤-Catenin Signaling Components.
Multiple studies have shown that Shh is critical to the size, number and patterning of taste papillae during their development (11, 12, 15) . Because the pattern of expression of Shh in fungiform papillae (18) appeared reminiscent of those we observed here with ␤-gal, Wnt10b, and Lef1 ( Expression of Lef1 and Wnt10b are often seen where inductive epithelial-mesenchymal interactions occur during development (e.g., hair follicles, teeth, mammary glands, and lung) (19) (20) (21) . Lef1 null mice do not develop mature teeth, whiskers, or mammary glands and die shortly after birth (20) . In the present study, we examined the role of Wnt/␤-catenin signaling during taste papillae formation in Lef1 and Wnt10b null mice. At E14 the fungiform papillae of Lef1 null mice (Fig. 3B) were much smaller and less distinct [as assessed by scanning electron microscopy (SEM)] than were those of Lef1ϩ/Ϫ heterozygous (Fig. 3A) or wild-type (data not shown) mice. However, fungiform papillae anlagen were present in the Lef1 null mice (asterisks in Fig. 3B) . Furthermore, at postnatal day 0 the Lef1 null mice showed an even more severe phenotype in that almost all fungiform papillae were absent from the anterior half of the dorsal tongue (Fig. 3D) ; this contrasts markedly with the numerous papillae present in wild-type mice at this stage (Fig. 3C ). Wnt10b null mice also displayed reduced size and numbers of fungiform papillae in comparison with those of wild-type mice ( Fig. 3 M and N) , although their phenotype was somewhat milder than that of Lef1 null mice. The phenotypes of the Lef1 and Wnt10b null mice indicate that the Wnt/␤-catenin pathway is necessary for the normal development of fungiform papillae. The numbers of apoptotic or proliferating cells found during fungiform papillae formation from E14.5 to E16.5 in Lef1 or Wnt10b null mice did not differ from those of either wild-type mice or of the corresponding heterozygous littermates (data not shown), suggesting that Wnt/␤-catenin signaling may play a role in lineage specification.
Shh Expression in Fungiform Papillae Is Reduced by the Absence of
Lef1 or Wnt10b. Lef1 null mice showed dramatically reduced Shh protein expression in their fungiform papillae at E14.5 ( Fig. 3 G,  H, and L) . Moreover, we observed that deletion of Wnt10b, the only Wnt ligand we found to be selectively expressed during fungiform papillae formation (see Fig. 1 ), caused similar effects on Shh expression and fungiform papillae formation as did the Lef1 null mutation [compare Fig. 3 Q and R (Wnt10b null) with O and P (wild type)]. Thus, the deletion of Lef1-or Wnt10b-dependent Wnt/␤-catenin signaling severely diminishes the size and (eventually) the number of fungiform papillae, and decreases expression of Shh in fungiform papillae.
Although the absence of either Lef1 or Wnt10b in null mice had a profound effect on development of the fungiform papillae, these mutations had no such effect on the morphology of the CV papilla or the expression of Shh within that papilla (SI Fig. 7 ; also compare, respectively, Fig. 3 E, I , and O with G, K, and Q). This is consistent with previous observations that the addition of Shh inhibitors during papillae formation markedly affects the formation of fungiform but not CV papillae (15, 18) . Together with our observation that expression in CV papilla of Lef1 and ␤-gal in TOPGAL mice starts at E14 (Fig. 1C and unpublished  results) , it would appear that the Wnt/␤-catenin pathway does not contribute to the development of CV papilla before E14. Wnt/␤-Catenin Signaling Increases Fungiform Papillae Number. To more closely examine the interactions of Wnt and Shh signaling molecules during taste papilla development, we turned to organ culture of embryonic tongues. Rodent tongues in culture have been shown to closely mimic in vivo spatial and temporal stages of morphogenesis and molecular expression, and to support the development of taste papillae (22, 23) . Because the expression of Shh and Wnt signaling components in mice is seen only after E12.5, we maintained stage E12.5 (or E11.5; data not shown) tongues in culture for up to 2 days under varying treatment conditions. When we treated cultured E12.5 tongues with LiCl, a treatment that activates Wnt/␤-catenin signaling through inhibition of glycogen synthase kinase-3␤ (GSK3␤) (24), we observed a dramatic increase in the number of fungiform papillae and number of Shh-and ␤-gal-expressing loci [compare tongues cultured under standard (STAND) vs. LiCl conditions] (Fig. 4 A and B) . Control treatment with NaCl in place of LiCl did not alter Shh or ␤-gal expression (see SI Fig. 8 ), demonstrating the specificity of LiCl and indicating that it is activation of Wnt/␤-catenin signaling by LiCl that increased both fungiform papillae number and their expression of Shh. Using in situ hybridization, we observed an increase in Shh mRNA after LiCl stimulation (data not shown), indicating that the up-regulation of Shh does not occur at the translational/posttranslational level. These results, in conjunction with the in vivo results from the Lef1 null mice, suggest that activation of Wnt/␤-catenin signaling is necessary for both fungiform papillae formation and their expression of Shh.
Inhibition of Shh Signaling Increases Wnt/␤-Catenin Signaling and
Fungiform Papillae Formation. Previous reports with rodent tongue cultures showed that neutralizing Shh with a monoclonal anti- body (5E1) or blocking Shh's activity with cylcopamine enhanced taste papillae formation (both size and number) accompanied by increased expression of Shh (15, 16, 18) . Because we have seen coexpression of Wnt signaling elements and Shh, and because we determined that Wnt/␤-catenin signaling upregulates Shh expression, we set out to more closely examine interactions of these two signaling pathways. Blocking Shh function in TOPGAL mice with either the 5E1 anti-Shh antibody or with cyclopamine both elevated levels of Shh expression and enhanced expression of ␤-gal in fungiform papillae (Fig. 4 C and  D and SI Fig. 9 ).
These results suggest that endogenous Shh may inhibit the Wnt/␤-catenin signaling pathway: In turn, inhibition of Wnt by Shh would provide negative feedback regulation of Shh expression. As an initial test of this hypothesis, we treated cultured embryonic tongues with the purified N-terminal domain of mouse Shh (Shh-N), which is known to possess the full biological activity of Shh (25, 26) , then examined its effects on Shh expression and Wnt/␤-catenin signaling. We found that culturing E12.5 tongues for 2 days with Shh-N nearly abolished Shh expression in fungiform papillae (Fig. 4 E and F) . By in situ hybridization we determined that this suppression of Shh was effected by decreased mRNA levels (SI Fig. 10 ). In addition, E12.5 tongues cultured in the presence of Shh-N had significantly reduced ␤-gal expression (i.e., Wnt/␤-catenin signaling) (Fig. 4E) . Together, these results suggest that Shh could directly or indirectly block fungiform papilla formation by inhibiting Wnt/␤-catenin signaling.
To further test our hypothesis that endogenous Shh inhibits the Wnt/␤-catenin signaling pathway during fungiform papillae development, we examined effects of modulating Shh expression in cultured tongues from Lef1 null embryos. In contrast to our results with wild-type mice, wherein the addition of Shh inhibitors markedly elevated Shh expression in fungiform papillae (Fig. 4 C and D) , there was no such effect on embryonic tongues from Lef1 null mice in culture from the addition of 5E1 (SI Fig.  11 ) or cyclopamine (data not shown).
Discussion
Wnts and Wnt signaling pathways are well known to be critical for the development of many epithelial tissues; however, they had not previously been known to play a role in the developing taste system. We initially detected Wnt/␤-catenin signaling during fungiform papilla development by the use of TOPGAL reporter mice. We then confirmed expression of Wnt ligands in developing fungiform papillae by in situ hybridization and immunohistochemistry. Among the several Wnt ligands tested for expression in the developing taste organ, only Wnt10b was found to be selectively expressed in developing taste papillae where ␤-gal expression was detected in TOPGAL mice. Similarly, Lef1 was the only transcription factor among the Wnt-activated family of transcription factors to display such a pattern of expression. Thus, Lef1 and Wnt10b are the likely transcription factor and ligand, respectively, mediating Wnt/␤-catenin signaling during fungiform papillae formation. Although Wnt10b has not been well characterized biochemically, there are several examples demonstrating Wnt10b's function as a ligand for the Wnt/␤-catenin signaling pathway (27) (28) (29) (30) . In addition, we have confirmed that Wnt10b induces double axis formation when expressed in Xenopus embryos (K.I. and R.F.M., unpublished observations).
Shh is well documented to play an important role in the development of fungiform papillae (18) . Yet, the underlying mechanism whereby Shh regulates taste papilla development was not known; nor was it known how disruption of Shh during fungiform papilla development led to increased expression of Shh. From our studies using knockout mice, we observed that ablation of Wnt/␤-catenin signaling (by elimination of either Lef1 or Wnt10b) disrupted development of fungiform papillae and greatly reduced Shh expression therein. Also, up-regulation of the Wnt/␤-catenin signaling by LiCl increased the number of fungiform papillae and their expression of Shh while addition of Shh suppressed Wnt/␤-catenin signaling during fungiform papillae development in experiments using tongue cultures. These results indicate that interactions between Wnt and Shh signaling pathways play a role in fungiform papilla development.
There are precedents from developmental systems for interconnections between Wnt and Shh pathways. Experiments in Drosophila have shown that Wnt and Shh interactions occur in the embryonic epidermis and in the larval leg imaginal disk (31, 32) . In the developing vertebrate spinal cord, interactions have been reported between Shh and Wnt signaling pathways in regulating patterning and cell specifications (32, 33) . In mammalian systems, Lef1 null mice had been observed to have reduced expression of Shh in the developing tooth germ (34) , and ␤-catenin mutant mice showed reduced Shh expression in hair follicles (35) . In another example, Shh was shown to suppress Wnt10b mRNA expression in embryonic mandible cultures (36) . Furthermore, it is intriguing that overexpression of active ␤-catenin causes ectopic expression of Shh during formation of hair follicles in mice and feathers in chickens (37) (38) (39) .
We think it likely that Wnt/␤-catenin signaling regulates Shh expression during development in fungiform papillae and in other epithelial tissues, and that in turn Shh suppresses the Wnt/␤-catenin pathway in these tissues. At present we do not know whether Shh directly or indirectly suppresses the Wnt/␤-catenin pathway, although we note that there are multiple Lef/Tcf binding sites within the upstream region of the mouse Shh gene (data not shown), suggesting that up-regulation of Shh mRNA may be a direct effect of activation of the Wnt/␤-catenin pathway. We have developed a schematic model (Fig. 5) to describe the positive and negative feedback loops that may serve to coordinate Wnt and Shh pathways during normal development of fungiform papillae. In our model, Wnt/␤-catenin signaling plays a central role in regulating Shh expression and the development of fungiform papillae, while Shh itself acts as an inhibitor of Wnt/␤-catenin signaling.
In summary, our work indicates that Wnt and Shh signaling pathways are both essential for proper development of fungiform papillae, and that these two pathways interact via feedback circuits during the development of fungiform papillae.
Materials and Methods
Animals. TOPGAL mice, originally generated by E. Fuchs (17) , were purchased from The Jackson Laboratory and maintained in the CD-1 background. Lef1 null mice are described in ref. 20 . Wnt10bϪ/Ϫ mice were created by T. F. Lane and P. Leder (29, 
